regenerative medicine 1-3 , yet conversion of hESCs into tissues such as keratinocytes 2 requires a better understanding of epigenetic interactions between the inductive 3 morphogens retinoic acid (RA) and bone morphogenetic protein 4 (BMP), and the 4 master regulator p63 4,5 . Here we develop a robust, defined, keratinocyte 5 differentiation system, and use a multi-dimensional genomics approach to 6 interrogate the contributions of the morphogens and lineage selector to chromatin 7 dynamics during early surface ectoderm commitment. In stark contrast to other 8 master regulators 6-9 , we find using p63 gain and loss of function hESC lines, that p63 9 effects major transcriptional changes only after morphogenetic action. Morphogens 10 alter chromatin accessibility and histone modifications, establishing an epigenetic 11 landscape for p63 to modify. In turn, p63 closes chromatin accessibility and 12 promotes the accumulation of repressive H3K27me3 histone modifications at sites 13 distal to where it binds. Surprisingly, cohesin HiChIP 10 visualization of genome-wide 14 chromosome conformation reveals that both p63 and the morphogens contribute to 15 dynamic long-range genomic interactions that increase the probability of negative 16 transcriptional regulation at p63 target loci. p63-regulated accessibility, not 17
commitment 21 , yet remarkably, expression of p63 in hESCs was insufficient to induce 48 differentiation ( Fig. 1e, Extended Data Fig. 2 ). Consistent with this observation, 49 transcriptome analysis using RNA-sequencing (RNA-seq) revealed moderate changes in 50 expression in roughly 300 genes between d0 and d0 p63GOF cells, whereas more than 51 2400 genes were differentially expressed in d7 p63WT vs. d7 p63KO cells (Fig. 1h) . 52
Further, independent of the presence or absence of p63, morphogen exposure resulted 53 in an exit from pluripotency and was required for p63 regulation of key transcription 54 factors associated with epithelial development (Fig. 1h , Extended Data Fig. 2c ). These 55 important epithelial transcription factors, including TFAP2C, KLF4, GATA3, GRHL2, 56 MSX2, and ELF3, were all repressed by p63 upon morphogen treatment. We conclude 57 that morphogenetic signaling promotes a simple epithelial state, while enabling p63 to 58 modify the morphogen-induced transcriptome to drive these stratified epidermal fates. 59
The striking influence of morphogens on p63 activity led us to investigate 60 whether differences in p63 genomic occupancy accounted for the altered transcriptional 61 activity. p63 ChIP-seq in d0 p63GOF and d7 p63WT revealed 7,960 and 6,097 p63 62 binding sites, respectively, and the p63 motif was significantly enriched under peaks in 63 both datasets (Fig. 1i) . Remarkably, over 70% of the sites were identical between both 64 datasets ( Fig. 1j,k) , while 17% of peaks were gained in the d0 p63GOF (Extended Data 65 Fig. 3a ). Thus, differences in p63 occupancy cannot explain the dramatic morphogen-66 regulated p63 activity. 67
We next characterized how the morphogens and p63 affected chromatin 68 accessibility and deposition of four histone modifications (H3K27ac, H3K27me3, 69
H3K4me3, H3K4me1) using the Assay for Transposase Accessible Chromatin followed 70 by sequencing (ATAC-seq) and histone chromatin immunoprecipitation (ChIP-seq), 71
respectively. Overall, approximately 20,000 transposase accessible sites changed 72 during the induction phase, with 14,000 opening and 6,000 closing between d0 and d7 73 p63WT ( Fig. 2a) . Additionally, over one third of the morphogen-dependent accessible 74 sites became even more accessible upon p63 loss ( Fig. 2a,d ). Comparison of 75 established histone modifications in d7 p63WT vs. p63KO revealed significant 76 differences in H3K27me3, yet no observable differences on activating promoter or 77 enhancer marks (Extended Data Fig. 3 ). Opposite to ATAC-seq changes, p63 absence 78 resulted in a significant decrease in signal of the H3K27me3 mark, whereas H3K27me3 79 increased in d0 p63GOF cells ( Fig. 2b,d ). ChromHMM analysis indicated most of the 80 accessibility changes and p63 binding sites occur in enhancers, rather than promoters 81 (Extended Data Fig. 3 ). We conclude that p63 edits a subset of the morphogen-induced 82 accessibility changes and regulates the accumulation of repressive H3K27me3 histone 83
modifications. 84
Lineage selectors can act both directly on the epigenetic landscape at the site of 85 binding to alter accessibility or histone modification deposition, or indirectly at a 86 distance 22 . To determine how p63 acts, we intersected the p63-dependent H3K27me3 87 regions and morphogen-dependent accessible sites with p63 binding sites, revealing 88 that few of the p63 binding sites overlapped with either of these changing elements (Fig.  89 2e). These data indicate that most of the p63 epigenetic regulatory action occurs distal 90 to p63 binding. Interestingly, when we assigned p63 binding sites, morphogen-91 dependent accessible sites, and differential H3K27me3 regions to the nearest genes 92 through GREAT, we found that these elements converge on a common gene set, 93 despite each being distinct genomic regions ( Fig. 2f , Extended Data Fig. 3) . 94
To assess the connectivity and dynamics of the three-dimensional architecture 95 between these distinct genomic regions, we employed cohesin HiChIP, a recent method 96 analogous to Hi-C 10 , in all four cell types. We identified high-confidence chromatin 97 contacts with 10 kb resolution using FitHiC 23 (Extended Data Fig. 4 ) and demonstrated 98 that 53% of p63 ChIP-seq peaks in d7 p63WT cells participate in these chromatin 99 connections ( Fig. 3a ). Additionally, we illustrated that most morphogen and p63-100 dependent dynamic elements also participate in looping connections. Notably, only 34% 101 of genes GREAT identified as having transcriptional start sites (TSSs) connected to p63 102 binding sites were verified by cohesin HiChIP, reinforcing the non-uniformity of the 103 existing chromatin landscape (Extended Data Fig. 3,5) . 104
For the 4,409 protein-coding, p63-dependent genes, we determined the 105 connectivity of their TSSs to a p63 binding site ( Fig. 3b ), revealing that 13% of these 106 genes were in direct contact with p63 via chromatin looping (1º) and 11% were in 107 contact via an indirect connection through a morphogen-dependent accessible site or 108
H3K27me3 element (2º). Although more complex conformations through multiple 109 elements (3º) were detected, random simulation demonstrated that p63 was not 110 connected to p63-dependent genes by 3º connections at a frequency above random 111 chance (FDR < 0.005); thus we focused on the 0º, 1 º, and 2º p63 connections ( Fig. 3b , 112
Extended Data Fig. 6 ). 113
We further interrogated the correlation between p63 connection to the TSS and 114 transcriptional regulation, finding that p63 connectivity was insufficient to regulate gene expression. However, both p63-dependent and -independent genes connected to a p63 116 site were involved in organ development and cell differentiation, consistent with known 117 p63 function ( Fig. 3c ) 7,8 . Additionally, the probability of transcriptional repression was 118 significantly higher at genes connected to p63 (Fig. 3d ). d7 p63-independent genes 119 connected to p63 include keratinocyte differentiation genes whose expression becomes 120 p63-dependent later during keratinocyte maturation, including p63 itself, MAFB, JAG1, 121 ID2, and the Epidermal Differentiation Cluster (Extended Data Table 1 ) [24] [25] [26] . These data 122
suggest that p63 and morphogen-regulated chromatin connections foreshadow future 123 gene action. In all, we demonstrated that a large subset of the morphogen and p63-124 dependent elements are physically connected at d7 ( Fig. 3e ), accounting for the ability of 125 p63 to regulate the epigenetic landscape at a distance. 126
Next, we determined the extent to which p63 and the morphogens influenced 127 connectivity ( Fig. 3f ). In 1º (middle panel) and 2º (right panel) connections, contacts 128 between morphogen-dependent accessible sites and p63 binding sites were regulated 129 by both the morphogens and p63, with loss of p63 abolishing the connections, while 130 overexpression of p63 failed to enhance them. Conversely, p63-H3K27me3 and p63-131 TSS interactions were enhanced by the morphogens and p63 overexpression, and 132 weakened by p63 loss (Extended Data Fig. 7 ). Finally, we determined that of the 3D-133 conformations connecting p63 to a TSS, the connections to both morphogen-dependent 134 accessible sites ( Fig. 3g ) and TSSs demonstrated greater repression than p63 135 connected via an H3K27me3 peak (Extended Data Fig. 7 ). These findings indicate that 136 for optimal p63-regulated transcription both the morphogens and p63 are needed. 137
From our global analyses, we identified TFAP2C, a critical epithelial regulator 11 , 138 as a gene induced by morphogens and repressed by p63 that exhibits a complex 139 chromatin architecture driving its regulation. We sought to illustrate the p63-morphogen 140 interactions by dissecting the p63 negative feedback regulation of this key developmental regulator ( Fig. 4) . Cohesin HiChIP and genomic analysis at this locus 142 ( Fig. 4a , Extended Data Fig. 8 ) revealed a distal p63 binding site with three d7 p63WT 143 connections to the TSS: through a direct contact, the adjacent morphogen-dependent 144 accessible site, and the distal H3K27me3 peak, all within 400 kb. We confirmed our 145 cohesin HiChIP with UMI-4C 27 , a locus-specific technique, using primer viewpoints 146 around the three connections (Extended Data Fig. 9 ). 147
Comparison of the chromosome conformation among the different cell lines 148 indicated that p63 presence enhances connectivity to all three of the main loops at d7 149 and in the absence of p63, the connections and transcriptional output collapse. 150
Morphogen exposure connects p63 to the induced neighboring morphogen-dependent 151 accessible site, but the connection relies on ongoing p63 expression to maintain it, as 152 loss of p63 fails to uphold it despite morphogen presence. Thus, our analysis of the 153 TFAP2C locus shows that both the morphogens and p63 contribute to proper regulation. 154
To validate the importance of the morphogen-dependent accessible site, we 155 removed the region using CRISPR/Cas9 and demonstrated a loss of morphogen-156 induced TFAP2C expression (Extended Data Fig. 8b ). Furthermore, we hypothesized 157 that removal of the p63 binding site should drive both TFAP2C and p63 expression, 158
given our observation that TFAP2C induces p63 expression in hESCs (unpublished 159 results) and that p63 provides important early negative regulation of TFAP2C. To test 160 this, we deleted the p63 binding site (p63BSKO) and found dramatically elevated levels 161 of TFAP2C at d7, consistent with the predicted negative feedback modulation of 162 TFAP2C by p63 ( Fig. 4b,c ). Moreover, d7 p63BSKO cells showed increased expression 163 of p63, demonstrating the need for tight p63-morphogen regulation to control the levels 164
of key developmental factors. Histone ChIP-qPCR revealed a loss of H3K27me3 165 accumulation at both the TSS and the distal H3K27me3 site in d7 p63BSKO cells, while 166 other non p63-connected sites remained unaffected ( Fig. 4d) . Similarly, the morphogen-dependent accessible site became more accessible in d7 p63BSKO cells, to levels 168 found in d7 p63KO cells ( Fig. 4d ), confirming the connectivity of these distal elements. 169
Here we deepen our understanding of the interplay between morphogens and 170 lineage selectors during surface ectoderm commitment, and find the surprising inability 171 for the lineage selector p63 to function in the absence of morphogen action. Morphogens 172 provide the powerful driving force for cell state change by inducing expression of the 173 lineage factor while also altering chromatin accessibility, histone modifications, and 174 chromosome conformation. p63, in turn, further modifies the morphogen-dependent 175 epigenetic landscape to drive surface ectoderm differentiation. Further, our results 176 illustrate how chromatin connections to the lineage selector p63 are necessary and more 177 likely to induce gene expression changes, but are not sufficient. Our finding that p63 at 178 d7 is poised to act on later keratinocyte differentiation genes (Extended Data Table 1) 
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Figure Legends

Immunofluorescence staining 420
Cells were cultured on glass cover slips in 12 wells, subjected to the appropriate 421 treatment and fixed for 10 min at room temperature in 4% paraformaldehyde in PBS. 422
Cells were permeabilized for 10 min with permeabilization buffer (0.1% Triton-X + 0.05% 423 Tween-20 in PBS) and blocked for 30 min with 10% Horse Serum (Vector Laboratories) 424 in permeabilization buffer. Antibodies at appropriate dilutions were incubated overnight 425 at 4°C. Secondary antibodies were added at 1:500 dilution and incubated at room 426 temperature protected from light for 1h. Cells were washed three times in Hoechst 427 1:10,000 in PBS, and glass cover slips were mounted onto glass slides with mounting 428 medium before imaging. Antibodies were diluted in permeabilization buffer at the 429 gives greater weight to the tails, was used to calculate statistical significance between 590 populations of the fold change in contact connectivity 46 . 591 592
Code Availability 593
Custom scripts described in the Methods will be made available upon request. 594 595
Data Availability 596
All sequencing data will be available through Gene Expression Omnibus (GEO) -597 accession number pending. The p63 binding site was deleted using CRISPR/Cas9 to determine the effects of its loss on TFAP2C expression. p63BSKO is a 520 bp deletion surrounding the p63 ChIP-seq peak. (c) Deletion of the p63 binding site leads to an increase in TFAP2C expression similar to the levels seen in the d7 p63KO cells (NS -not significant). Loss of TFAP2C expression also leads to a dramatic increase in p63 expression. Relative pixel intensity was calculated from 3 independent images and scale bars represent 20 m. (d) ChIP-qPCR for H3K27me3 at the TFAP2C locus shows a decrease in the histone mark in the d7 p63BSKO cells, similar to the d7 p63KO cells (*p-value < 0.01). ATAC-qPCR at this locus shows an increase in accessibility at the d7 ATAC peak in d7 p63BSKO, again similar to the d7 p63KO (*p-value < 0.05). Deletion of the p63 binding site results in a loss of tightly controlled TFAP2C expression. Both graphs depict signal relative to input and error bars represent standard error of the mean. 
